[.ecture 13: Semiconductors
lasers

* Quasi-Fermi levels
* Optical properties

* pn junctions




Announcements

» Optical soliton talks next week

« Schedule for rest of quarter
(extra credit talks)
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Last time:

Intrinsic: n-type: p-type:

_ - ]

Fermi Fermi Fermi

“PE) ° “PE) “ “PE) ©

n=p n>p n<p
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Electron P(E)

»
»

Quasi-Fermi levels:

d
<« T

PE) \° p(E)
Hole P(E)

If we achieve this, electrons would spontaneously emit photons and tend to make F =F .

By injecting electrons from the n-side of a p-n diode, we can “pump” electrons into the
system, thus maintaining the population inversion.
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Transmission

Optical absorption:

ﬁ ﬁ

1 9

0 1 Frequency
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ASIOUD >

Optical absorption:

ﬁ ﬁ

-\\H
ha =F

photon gap

Transmission

Frequency
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Transmission

Optical abﬁrption (7):

0 1 Frequency
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Recall T1:Sapphire

2
E, \ Fast decay

Pump

Stimulated emission

4 Fast decay
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__Optical absorption (?):

energy

Fast decay

p(:E)

Discuss diagram in detail, including overlay of
density of states, photon energy, and
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__Optical absorption (?):

—l — —
4 hwphoton - Fn _Fp
m hwphoton = Egap
“Pump”
>
5
8 Fast deca /-‘\E
-
\<—>
g =
E — 0 >
¢ Pump D
a0 frequency
E Q
! —
.
. Red: equilibrium
P(E) Blue: “pumped”
Discuss log scale

on board (0). . S o
Our goal 1n the next slides is to calculate quantitatively the blue curve.
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Optical emission:

N om = £, — E

hoton

emission

p(E)
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Optical emission:

N om = £, — E

hoton

hk, =~2m’(E, - E.)

emission

o(E)
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Optical emission:

hw =L, —-FE,

photon

ik, = 2m(E, - E,)

Ec/ N hkv:\/sz(Ev_El)

IIIIIIII

o(E)
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Optical emission:

hw =L, —-FE,

photon

ik, = 2m(E, - E,)

Ec/ N hkv:\/sz(Ev_El)

IIIIIIII

hk =k,

o(E)
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Optical emission:

haw =L, —-FE,

photon

ik, = 2m(E, - E,)

Ec/ | hkv :\/2mZ(Ev_El)

emission

hk =k,

\\ = E,~E, =" (E,~E,)

o(E) m

e
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Optical emission:

na o, = £, = E

hoton

hkc — \/zm:(E2 _Ec)

J nk, = \/2mZ (E, - E))

emission

hk =k,

= E,—E, =""(E,—E)

o(E) m

e

E, and E, are not centered around midgap.
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Optical emission:

J} dE, and dE,?

}\ dE,

o(E)
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Optical emission:

electron (bef or e) 1) electron (Clﬁ er ) T h photon

pelectron (befOVe) o pelectron (aﬁer) T W
electrons E, 0
e\
B0 =7, \\ ',
holes
212 — — > dE,
E(k)=
2m,

= ik
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Optical emission:
E

4 2 2
dk aE=hi€:>dE2=hi€dk
. ok m, m,

\ } dE,

|//\ 3 dE,
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p So far:

*

— — _ mh
EZ_EC_ *(EV_EI)
i .
5 m'
= N ump — ""h
2 dE2 = —*dEl
) me
E,- } dE, So far, we have assumed:
B ha)photon :EZ_EI
i What if the incoming intensity is distributed in frequency
E, _\ such that I(v)dv is the intensity between v and v+dv?
E, - } dE, How many states are there such that an incident intensity
with total intensity I(v)dv participates?
> 1 1 1
P(E) O (hV)={ - }
" 2 loc(EZ) IOV(EI)
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— B So far:
1]

“Pump” 1
Rz =By —1)dv- p,, (V)| £(E)(1 = f.(E))
52_5( } dE,
Elv- ]. dE,
p(E)
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ﬁﬁ

I]

‘CPumpﬂﬂ
%

5 S

=

5]

Fm b,
EC

EV

p(E)

So far:

R

1%2

—I)dv-p, W) f.(E)(1- f.(E,))

R

2—>1

B
C
B
C

—I1()dv- p,, (V) [f(E)1-f.(E))]
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%

5 S

5]

E, }d
EC

ﬁﬁ

I]

“Pumpn

=

p(E)

So far:

Ry =By~ 1)V p,, )L (EN1 - . (E,)
Roiy =By~ 1)V 0, )L (E) (1~ £,(E))
R, , =R, = ](l))dl) £(V)- U(E) S (E )]
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I]

“Pumpn

9“

p(E)

So far:

Ry =By~ 1)V p,, )L (EN1 - . (E,)
Roiy =By~ 1)V 0, )L (E) (1~ £,(E))
R, , =R, = ](l))dl) £(V)- U(E) S (E )]

Power emitted = hv * number of transitions/time = hv * (R,,-R,)
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5{}&3

I]

“Pumpn

So far:

R

1—>2

—I()dv- p,, (V) [f(E)1- f.(E,))

R

2—>1

1
C
i](v)dv 0, W) f.(E)(1- f(ED)]

\ R
P(E)

- R

2—1 1%2

1<v>dv 0, V) fAE) - f,(E)]

Power emitted = hv * number of transitions/time = hv * (R,,-R,)

y(v) =

dl(v)/dz

power /volume hv- [RH1 — RHz]

[(V)

(V) - I(v)dv
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9”

I]

“Pumpn

So far:

R

1%2

—I()dv- p,, (V) [f(E)1- f.(E,))

R

2%1

1
C
i](v)dv 0, W) f(E)(1- £ (ED)]

\ R, ,—R_,=8B

1)V p,, () Lf. (B = £.(E)

p(E)
Power emitted = hv * number of transitions/time = hv * (R,,-R,,)
(V) = dl(v)/dz  power/volume huv- [RH1 — RHz]
- I(v) 1(v) I(v)dv

y(V)=B,, —
C

L )L (E) = f(E))
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S

—B— So far:
m V(U):Bz—l'é’pjnz(v)°[ﬂ(E2)_](v(El)]

1/2
2m m
} . pjm(v):( e h*j \/hU—Egap

Pump”
* *
m, +m i

| S|

y()=K-\Jhv—E,, -|f.(E))~ f.(E))

%
e Three cases:

I)hv<E,,
2)E,, <hv<F-F/
3)hv>F, -F
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—— - hy <
Case one: hv <E_
m V(U)ZK'\/hU_Egap UC(EZ)_fV(El)]

“Pump”

9}
| No absorption

N - .
\ No emission

p(E) ,Y: O
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o Casetwo: E, <hv<F;-F]

q

i y() =K \Jho—E,, |f.(E;) - f.(E)]

“Pump”

energy

F /fc(Ez)zl

y()=K- Jhv-E,,

- S (E)=0

GAIN

o(E)
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' 4 Case three: > F -F

i y() =K \Jho—E,, [f.(E;) - f.(E)]

/
Fnb\fc(ﬁ%) =0
EC

y(v)=-K-Jhv-E,,

Ey fv(E1)z1

LOSS

o(E)
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_ Optical absorption (?):

— —
4 hwphoton = Fn _Fp
hwphomn =E aap
y(w)=-K- Jhv-E,,
|
0 >
frequency

y(w)=K-\Jhv-E,,

Red: equilibrium
P(E) Blue: “pumped”

Our goal in the next slides 1s to calculate quantitatively the blue curve.
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__ Optical absorption (?):

ﬁq

1]

“Pump”

Liin
1

= ]
=
WAVE 2 |nl— 7
fale) 3 b
E
E =
r -_""--.._____-_‘.‘\ — Y ™ o
L
p i E--FE =1L -
L %
£
(h) The band diagram () The “data™

From Verdeyen
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. Optical absorption (?):

— —
+ gain coefficient at threshald
- lasing point
o O gain peak, gmax
—u- =
(1R
L]
C)
U |
Discuss log scale =
=y
on board (0). O increasing current
ﬂ - T -
. VoL
S5 L]t
— w i |I |I
%_I.'_II_ |I \ |l || I, \
S ik TN
% Q .| band gap energy | I\
L J ': !.-" | | I [ |
L : S ; —_ =

FPHOTON ENERGY (2V)

From Fukuda, Optical Semiconductor Devices
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Drude model: Drift current

Electric field E
@ o

/x

o—» @

® O
/4 @

random scattering centers
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Drude model: Drift current

Electric field E

° o F =ma

/x

o—» @

® O
/4 @

random scattering centers

ECE 278 © P.J. Burke, Winter 2002 H Last modified 2/26/2002 3:08 AM M Lecture 13, Slide # 35




Drude model: Drift current

Electric field E
@ o
@
° @
® K k @
® ®
o— > @ .;'
@ @ @
® O
® o
® O

random scattering centers

F =ma
ov

el =m—
ot
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Drude model: Drift current

Electric field E

° ° F =ma

’K.\.... eE:mﬂ

e — ot

@ @ @
® e et
m

random scattering centers
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Drude model: Drift current

Electric field E

° ° F =ma

O O O
O ® et
. .’ o Vs = E

random scattering centers
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Drude model: Drift current

Electric field E

°° F =ma

o O o
® O et
. .’ ® Vs = E

random scattering centers

2
nervT

J =nev = E=e-u-n-k

m
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Diffusion current

dn(x)
dx

J =eD
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Total current

dn(x)
dx

J =e-u -n-kE+eD,

E, n can depend on x!

Holes:

ap(x)
J,=e- U, -p-E—eD, ’y
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Diffusion equation

Cross section area of length dx: (draw on board)

on _1J(x)—-J(x+Ax) (1)
af e Ax \T/

n
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Diffusion equation

Cross section area of length dx: (draw on board)

on _1J(x)—-J(x+Ax) (1)
ot e Ax \Tn/
an IBJ(x) (1)
81‘ e oOx \T/

n

n
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Diffusion equation

Cross section area of length dx: (draw on board)

on _1J(x)—-J(x+Ax) (1)
ot e Ax \Tn/
on 1dJ(x) (1"
—_—> — =
ot e oOx \Tn/
J:ean(x)
dx

n
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Diffusion equation

Cross section area of length dx: (draw on board)

o 1J(x)-J(x+Ax) (1 \n
af e Ax \Tn )
on 1dJ(x) (1"
— — = n
af e Bx \Tn )
T = oD dn(x)
dx
2 (1)
B_n =D 0 721 1 n
ot ox \Tn ),




Steady state

2
a—n:Da’Z : n=0
ot ox T

n
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Steady state
a_n 5 0°n 1
ot ox* \r

0°n 1

:>D—2: — N
0x T
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Steady state

a_n_Dazn : n=0

o  ox* |z |
2

:>Da—};l=[ijn
0x T

= n(x)=n(x=0)-exp
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Steady state

2
a—n:Da’Z : n=0
ot ox T

2
:Da—’zz[ijn
0x T
( M
= n(x)=n(x=0)-exp
. VD7,

D7, = diffusion length
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Last time:

n type: p type:

e a

Fermi

&
<«

&
<«

- P(E) = - P (E) D

n>p n<p

What 1f we bring n and p type together?
p n diode
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p n diode

n type: p type:

% E | holes E

Fermi

E

|
i electrons
—

n>p n<p
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A310ud

p n diode

p type:

n<p

E

Fermi

S
\%
A
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p n diode

p type:

n type:

eV

0
v
Fermi
- +
|
p type - H n type
- +
- +
=
=
g T /
Q
=
o | >
(o
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Forward bias
p type: n type:

a

\ 'G(Vo'vf)

Fermi
EFermi
n p
A A
X
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[Laser diode

tL r :

—— | )
¢ l 4
— I
I
H""‘-—-_.___h |
I
|
ial
E. T
E,
L|_|-\- * _'l-.‘-. EJ"'
j EFF."'-..':""';.-"- S A z E._.
II'-IH ?
(]
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Laser diode

forward blased Epr,
o L7,

Fy

d

Fa

z A

(c)




Threshold current

* Injected electrons = current
« Recombinationrate ~np

* Need input current = recombination rate
(steady state)

 Need n,p~ 10" cm-3
« J~10 kA/cm? VERY BIG!




p n diode
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